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Introduction 
Biomaterial surfaces covered with micro/nano- 
patterns affect the responses of adsorbed    
biological materials [1,2]. Micro/nano-patterned 
substrates significantly increase the total surface 
area, the wettability, and protein adsorption 
properties of biomaterials [3], and influence cell 
behavior such as adhesion, differentiation and 
proliferation [4-6]. Micro/nano-patterned bio-
materials are used clinically in drug delivery 
systems and medical implants [7-8]. 

Biomaterials should exhibit antibacterial 
properties to decrease the risk of infection.  
Chitosan is a polymer easily obtained by the 
deacetylation of chitin and shows low toxicity. It 
is primarily used to form fibers and in food.  
Chitosan-based biomaterials exhibit hydrophilic 
properties and up-regulate cell adhesion, prolif-
eration and differentiation [9-11]. In addition, 
chitosan is biodegradable, shows hemostatic ef-
fects, bone conduction, and acts as a drug carrier 
[12-15]. The cationic action of protonated amino 
groups (NH3

+) in chitosan interacts with nega-

tively charged bacterial cell membranes [16]. 
These amino groups form a physical barrier 
preventing the uptake of nutrients into the cell 
[17,18]. Cationic amino groups reduce the  
osmotic stability of bacterial cells and cause 
leakage of intracellular components, resulting in 
high antimicrobial activity [19,20]. Therefore, 
micro/nano patterns formed with chitosan could 
be candidate biomaterials with antibacterial  
activity. 

Previous studies have shown that chitosan 
membranes with micropatterns on the substrate 
surface generated by femtosecond laser micro-
fabrication reduce bacterial adhesion. Biomate-
rial applications require further detailed study of 
the relationship between chitosan-based mi-
cro/nano-pattern configurations and cellular re-
sponses. Here, we prepared chitosan micro/ 
nano-patterned (grooves, pillars, and holes) 
films using the imprint method and examined 
bacterial and mammalian cell behavior on the 
surfaces. 
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Synopsis 
The surface of biomaterials with a fine micro/nano-pattern reportedly affects cell behavior.
Chitosan was previously shown to exhibit antibacterial properties and thus here we evaluated the
cellular response and antibacterial activity of chitosan micro/nano patterns prepared by the imprint
method. We fabricated micro/nano patterns with different sizes and shapes of pillars, grooves, and
holes. The chitosan pattern films exhibited antibacterial activity towards Streptococcus mutans. In
addition, we observed mammalian cells adhering to and spreading on the chitosan pattern, and
found that the orientation of the cells was controlled by the shape of the pattern. 
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Materials and methods 
1. Preparation of silicone replica molds 
Silicone rubber replica molds were prepared ac-
cording to methods previously reported [21,22]. 
Briefly, silicon master molds (Kyodo Interna-
tional Inc., Kawasaki, Japan) were patterned at 
14 areas, each 5 × 5 mm2. The patterns were 
grooves (the widths of the ridges and grooves 
were 2 µm, 1 µm, or 500 nm), holes (both pitch 
and diameter were 2 µm, 1 µm, or 500 nm), and 
pillars (both pitch and diameter were 2 µm, 1 
µm, or 500 nm) at a height or depth of 2 µm or 
500 nm. Resin replicas were prepared by curing 
photo-curable resin (PAK-01, Toyo Gosei Co., 
Ltd., Tokyo, Japan) with the silicon master mold 
using a UV nanoimprinter (EUN-4200, Engi-
neering System Co., Ltd., Nagano, Japan) at a 
pressure of 0.4 MPa for 10 min. Next, polydi-
methylsiloxane (PDMS) prepolymer (KE-106 
and CAT-RG, 10:1 mix; Shin-Etsu Chemical, 
Tokyo, Japan) was cast against the above-  
mentioned replica mold [23]. The prepolymer 
was then heat-cured at 60°C for 3 days, and then 
at 100°C for 1 day. Peeling off the cured poly-
mer provided the PDMS replica mold. 
 
2. Preparation of chitosan patterns 
To prepare a chitosan micro/nano-patterned sur-
face, chitosan (Chitosan 500, degree of acetyla-
tion: 88%, Mw: 51.4 x 104 Da, FUJIFILM Wako 
Pure Chemical Corporation, Ltd., Osaka, Japan) 
was dissolved at a concentration of 2 wt% in 
2.5% acetic acid. Insoluble residues were re-
moved by filtration through a 0.22 µm polyeth-
ersulfone filter (AGC Techno Glass Co., Ltd., 
Shizuoka, Japan). The chitosan solution was 
poured at 0.45 mL/cm2 on the patterned silicone 
mold surrounded by an acrylic frame, then de-
gassed and dried at 80°C. The chitosan film was 
peeled off carefully and thermally crosslinked at 
150°C for 3 h. The resulting film was swelled in 
phosphate-buffered saline (PBS: 20 mM 
K2HPO4/KH2PO4, 150 mM NaCl, pH 7.4) for 3 
h in a cell culture dish or on a plastic film. After 
removing the PBS, the swelled chitosan films 
were dried and fixed to a substrate to use in the 
following assays. 
 
3. Characterization of the surface of chitosan 
patterns 
The chitosan pattern was coated with Pt-Pd us-
ing a sputtering apparatus (E-1030; Hitachi 
High-Tech Fielding Corp., Tokyo, Japan). The 
surface morphology of the patterns was ob-
served using scanning electron microscopy 

(SEM) (S-4000; Hitachi High-Tech Fielding 
Corp.). 
 
4. Bacterial attachment and viability assay 
The facultative anaerobe Streptococcus mutans 
ATCC 35668 was grown aerobically in brain 
heart infusion (BHI) broth (Pearlcore®, Eiken 
Chemical Co. Ltd., Tokyo, Japan) at 37°C for 
several days. The bacteria were harvested by 
centrifugation at 2,500 × g (Kubota Centrifuge 
2700; KUBOTA, Tokyo, Japan), washed in PBS, 
and suspended in the same buffer to an optical 
density (OD) of 0.5 at 650 nm. 

To estimate bacterial attachment, each chi-
tosan patterned film was placed vertically in 
BHI medium containing 1% sucrose (FUJIFILM 
Wako Pure Chemical Corporation, Ltd.) in a cell 
culture dish, then a suspension of S. mutans at a 
final concentration of 2.1×108 colony-forming 
units [CFU]/mL was added. The samples were 
incubated aerobically at 37°C for 2 h. The mor-
phology and number of attached bacteria were 
determined by washing the patterns with PBS 
twice and immersing in a fixative (2% glutaral-
dehyde in PBS) for 2 h. The samples were de-
hydrated in graded ethanol (50%, 60%, 70%, 
80%, 90%, 95%, 99.5%, and 100%) and dried 
with CO2 in a critical point dryer (Hitachi 
HCP-1). The bacteria were coated by sputtering 
with Pt-Pd using a coater and examined by SEM. 
The number of attached bacteria was counted 
from 9 different random fields (62.5 × 78.7 
µm2/field) for each pattern from the SEM im-
ages [21]. The results are presented as mean ± 
standard deviation (SD) of three experiments. 

The area of each colony formed on the pat-
terns was measured by placing the samples ver-
tically in BHI medium and incubating aerobi-
cally at a final bacterial concentration of 5.3×109 

CFU/mL at 37°C for 5 days. Polyethyl-
eneterephthalate film (PET, 0.5-mm-thick PG-1; 
Acrysunday Co., Ltd., Tokyo, Japan) and a mi-
cro cover glass (18 × 18 mm, thickness No. 1, 
Matsunami Glass Ind., Ltd., Osaka, Japan) were 
used as control substrates. The area of colony 
formation was observed and measured by SEM 
by treating the specimens as described above for 
SEM. The area of each colony was measured 
from 9 different random fields (3.12 × 3.94 
mm2/field) for each pattern from the SEM im-
ages [21]. The results are presented as mean ± 
standard deviation (SD) of three experiments. 

The LIVE/DEAD bacterial viability assay 
[24,25] was conducted by spotting 10 µL of a 
2.1×108 CFU/mL bacterial suspension on each 
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specimen, covering with a plastic film, and in-
cubating aerobically at 37°C for 1 h. The speci-
mens were washed twice with PBS to remove 
non-adhered cells, then stained with an equal 
volume of the dye mixture in a LIVE/DEAD 
BacLight bacterial viability kit (L13152,    
Molecular Probes, Thermo Fisher Scientific, 
Waltham, MA, USA) and BHI medium, accord-
ing to the manufacturer’s instructions. The 
specimens were incubated in the dark for 15 min 
at room temperature. After rinsing gently with 
PBS, S. mutans was observed using a fluores-
cence microscope (BIOREVO BZ-9000, 
Keyence, Osaka, Japan). The stained bacteria 
were monitored for both green emission 
(470/525 nm) for active bacteria and red emis-
sion (545/605 nm) for inactive bacteria. 
 
5. MC3T3-E1 cell attachment assay 
The ability of mammalian cells to attach to the 
formed patterns was determined using mouse 
osteoblastic MC3T3-E1 cells (RIKEN Biore-
source Center, Tsukuba, Japan). MC3T3-E1 cells 
(3×104) were seeded on each pattern and cul-
tured in humidified 5% CO2 at 37°C using   
medium (MEM alpha-GlutaMAX-I, Thermo 

Fisher Scientific) supplemented with 10% fetal 
bovine serum (FBS; Thermo Fisher Scientific) 
and 1% antibiotics (Pen Strep, Thermo Fisher 
Scientific). After 2 h of culture, the samples 
were fixed with 2.5% glutaraldehyde in 0.1 M 
sodium cacodylate buffer (pH 7.4) for 30 min 
and rinsed with PBS. After Giemsa staining, the 
adherent cells were observed with an optical mi-
croscope, and the cell adhesion rate (number of 
spread cells/total number of adherent cells) in 
each pattern was measured. Also, after 24 h of 
culture, the samples were fixed with 2.5% glu-
taraldehyde in 0.1 M sodium cacodylate buffer 
(pH 7.4) for 30 min and rinsed in cacodylate 
buffer solution, then the patterns were dehy-
drated in increasing concentrations of ethanol. 
Following critical point drying, the morphology 
of the attached cells on the patterns was ana-
lyzed by SEM at an accelerating voltage of 10 
kV after coating with a thin layer of Pt–Pd.  
 
Results and Discussion 
1. Preparation of chitosan patterns 
We attempted to pattern chitosan using a com-
bination of micro/nano-molding and thermal 
crosslinking, as shown in Fig. 1. It was easy to 

 

Figure 1 
Procedure for chitosan patterning via micro-molding and thermal crosslinking. (A) Preparation of the silicone replica mold,
(B) patterning of chitosan, and (C) thermal crosslinking and fixation on a culture dish. 
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mold a 2 wt% chitosan solution by drying, be-
cause of its low viscosity, and then form strong 
films. The final process for strengthening chito-
san film typically involves a conventional in-
solubilization process by neutralization with 
NaOH [26-28]. It was previously reported that 
the antibacterial activity of un-neutralized chito-
san films is stronger than that of neutralized 
chitosan films [29]. Thus, here we instead used 
thermal crosslinking to insolubilize the chitosan 
patterns and form films that exhibit high 
anti-bacterial activity due to their amino acetate 
groups. However, the disadvantage of thermal 
crosslinking is that the chitosan patterns are 
damaged, depending on the degree of crosslink-

ing, temperature, and time. The chitosan films 
turned brown or dark brown and thus here we 
crosslinked the samples at 150°C for 3 h to pro-
vide adequate stability and minimize damage. 
The chitosan patterns were sufficiently stable for 
biological assays. 

SEM images of the surfaces of the resulting 
chitosan patterns are shown in Fig. 2. The top 
row shows groove and hole patterns 2 µm in 
diameter and 2 µm in height, and pillars 2 µm, 1 
µm, and 500 nm in diameter and 2 µm in height. 
The middle and lower rows show patterns 500 
nm in height and planar chitosan. The pattern 
shapes were easily obtained by transfer from the 
corresponding  mold. Shapes of small (500 nm)  

 

Figure 2 
SEM images of the surface of chitosan patterns at a 45°tilt. (Upper row) chitosan grooves, holes, and pillars 2 μm in
height. (Middle and lower rows) chitosan grooves, holes, and pillars 500 nm in height. Scale bar indicates 2 μm. 

Figure 3 
(A) SEM images of Streptococcus mutans attached on planar chitosan or chitosan pillars 500 nm, 1 μm, or 2 μm
in diameter and 2 μm in height. The cells were incubated on the patterns for 1 h. Scale bars indicate 2 μm.
(B) Bar graph of the number of attached S. mutans cells on the planar chitosan or chitosan pillars 500 nm, 1 μm,
or 2 μm in diameter and 2 μm in height. 
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Figure 4 
(A) SEM images of S. mutans colonies. The cells were incubated on polyethyleneterephthalate (PET) film, cover
glass, planar chitosan, or chitosan pillars 500 nm, 1 μm, or 2 μm in diameter and 2 μm in height for 5 days. Scale
bars indicate 100 μm. (B) Bar graph of the area of colonies on the samples after 5 days’ incubation. (C) Fluores-
cence microscopy images of LIVE/DEAD bacterial viability assays of S. mutans on (Left) a cover glass as a control
or (Right) planar chitosan. The cells were incubated on the samples for 1 h. Scale bars indicate 10 μm. 
 

Figure 5 
(A) Water contact angles on planar chitosan or patterned chitosan (2 μm in diameter and 2 μm in height).
(B) Giemsa stain images of MC3T3-E1 cells attached on the planar chitosan or patterned chitosan (2 μm in diameter
and 2 μm in height). The cells were incubated on the patterns for 2 h. (C) SEM images of MC3T3-E1 cells attached
on the planar chitosan or chitosan pillars 2 μm in diameter and 2 μm in height. The cells were incubated on the pat-
terns for 24 h. 



Erica Nishida et al., Antibacterial Patterned Chitosan Film, Nano Biomed 14(1), 1-8, 2022 

 6

diameter and width were able to be fabricated. 
The fine detail and sharpness of our micro/ 
nano-patterns was similar to that of chitosan mi-
cro/nano-patterns previously reported [27,30]. 

 
2. Antibacterial activity of chitosan patterns 
We estimated the effect of the shape and size of 
the chitosan patterns on bacterial attachment by 
a bacterial attachment assay using S. mutans in-
cubated for 1 h on different-sized chitosan pil-
lars and observing the morphology (Fig. 3A) and 
the number (Fig. 3B) of S. mutans attached to a 
chitosan planar surface and the chitosan pillars 2 
µm, 1 µm, or 500 nm in diameter and 2 µm in 
height. Few S. mutans cells were observed on 
the tips of the pillars. The bacteria could not 
reach the bottom of the pillars and the spaces 
between pillars because these spaces were too 
narrow for the cells, which are ca. 1 µm to 500 
nm in diameter. Interestingly, the bacteria at-
tached weakly onto 500 nm diameter pillars but 
attached below and between pillars 2 µm or 1 
µm in diameter. More bacteria attached onto 
pillars than on planar chitosan (Fig. 3B). The 
increase in S. mutans attachment due to the pat-
terning of chitosan pillars was consistent with 
the increase in Staphylococcus aureus attach-
ment by microgroove patterning of chitosan pre-
viously reported [31]. A similar trend in bacterial 
adhesion was reported for hydroxyapatite mi-
cro-patterns [32]. The bacteria are effectively 
captured due to surface roughness and the large 
surface area of the pillars. However, the ob-
served tendencies were in contrast to the de-
crease in bacterial adhesion on polyurethane 
nano-pillars [33], suggesting that the type and 
size of the pattern, and the material type, are 
important for bacterial adhesion on patterns. 
Furthermore, the highest number of attached 
cells was observed on chitosan pillars 1 µm in 
diameter. The distance between these chitosan 
pillars would just accommodate an S. mutans 
cell, which is ca. 1 µm to 500 nm in diameter. 
Thus, patterns with appropriate shape and size 
supported stable cell attachment. 

We investigated the effect of chitosan pat-
terns on colony formation by S. mutans after 5 
days’ incubation. Figure 4A shows SEM images 
of S. mutans colonies on planar PET, glass, and 
chitosan, and chitosan pillars with 500 nm, 1 µm, 
and 2 µm diameters. Figure 4B shows the area 
(cm2/cm2) of the colonies on the samples. Colo-
nies were randomly distributed on planar PET 
and glass but no colonies were observed on pla-
nar chitosan or pillars. Figure 4C shows the 
LIVE/DEAD bacterial viability assay results for 
S. mutans on planar glass, used as a control, and 
on planar chitosan, each incubated for 1 h. Green 

fluorescence indicates active bacteria, and red 
fluorescence indicates inactivated bacteria. The 
number of inactivated bacteria on planar chito-
san was higher than on planar glass, suggesting 
that chitosan surfaces with or without patterns 
have anti-bacterial activity against S. mutans. 

Our chitosan patterns were prepared using 
un-neutralized chitosan films by thermal 
crosslinking. Thus, the resulting acetic acid salts 
of the amino group of chitosan exhibited strong 
antibacterial activity [29]. Several antibacterial 
mechanisms of chitosan have been proposed 
[34]. The cationic nature of the protonated 
amino group (NH3

+) of chitosan destroys the 
negatively charged cell membranes and cell 
walls of bacteria, resulting in cell death [20]. In 
our case, a small number of attached bacteria 
were inactivated on the chitosan surfaces, stop-
ping S. mutans colony formation. The observed 
inhibition of S. mutans colony formation on our 
planar and pillar chitosan surfaces is similar to 
the decrease in colony formation by S. aureus on 
chitosan grooves [31]. Slight differences in 
anti-bacterial activity would depend on the bac-
terial species, size and shape of the chitosan pat-
terns, and the properties of the chitosan films 
formed using different processes. 

Interestingly, some biomimetic patterns in-
hibit bacterial colony formation and exhibit 
anti-bacterial activity [35-37]. Polydimethylsi-
loxane elastomer micro-patterns based on shark 
skin prevent the formation of bacterial biofilms 
[35], and nano-pillars based on cicada wings 
exhibit effective bactericidal activity [36]. In the 
future, chitosan patterns could be designed to 
further decrease bacterial attachment and en-
hance anti-bacterial surfaces. 
 
3. Cell attachment 
We investigated the effects of chitosan patterns 
on the elongation and spreading of MC3T3-E1 
cells. The contact angle was highest for the 
groove pattern, suggesting that wettability de-
creased (Fig. 5A). Giemsa staining images 
showed that the patterned chitosan film allowed 
cell adhesion after 2 hours of incubation. In par-
ticular, the groove pattern most effectively sup-
ported cell elongation (Fig. 5B). SEM observa-
tion after 24 hours of incubation showed spin-
dle-shaped fibroblasts on the planar and groove 
pattern films. In the groove patterned film, the 
cells aligned in the direction of the grooves and 
extended long cell processes along the groove. 
In the hole pattern, the cells were more spread 
out compared to the other patterns. On the pil-
lar-patterned film, the cell processes extended 
through the apex of the column (Fig. 5C). These 
results suggest that chitosan patterns might 
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regulate cell adhesion and behavior, in addition 
to having antibacterial properties. These results 
are similar to those of our previous studies of 
cell behavior using nano/micro patterns 
[22,38,39]. Cell adhesion proteins, such as fi-
bronectin, anchored on the pattern might interact 
with inoculated cells [40]. 
 
Conclusion 
We prepared chitosan fine patterns using the im-
print method and examined bacterial/cell at-
tachment to micro-patterns comprising grooves, 
pillars, and holes. Many mammalian cells ad-
hered to chitosan pillars with a diameter of 1 μm, 
whereas bacterial attachment was suppressed on 
any micropattern of chitosan. Moreover, the type 
of pattern was found to affect cell adhesion and 
morphology. Patterned chitosan films may thus 
be beneficial as bioactive interfaces with anti-
bacterial and cell regulation properties. 
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